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Regional Cerebral Glucose Utilization After Portacaval Shunting
To the Editor: Recently, Cruz and Duffy (1983) described measurements of regional cerebral glu cose utilization (CMRglc) in rats made between 1 and 12 weeks after portacaval shunting using [14C]deoxyglucose and quantitative autoradiog raphy. In rats shunted for 4 weeks or less, CMRglc did not differ from control in most structures or was decreased in some. In rats shunted for 8 weeks, however, glucose utilization was higher than in con trols in many structures and after 12 weeks it was higher than in controls in most structures. (The un weighted average of all structures measured was 92, and 91, 108, and 122 f1-mol min -I 100 g-I in control rats, and in rats with 4-week, 8-week, and 12-week old portacaval shunts, respectively.) These results are somewhat puzzling in view of what is known about the consequences of portacaval shunting. When hepatic function is impaired in humans, there is diminished cerebral capacity correlated with de creased CMR02 (Fazekas et aI., 1956; Posner and Plum, 1960) . In rats with portacaval shunts, sophis ticated behavioral testing showed hypoactivity and diminished response to stimuli (Tricklebank et aI., 1978; Martin et aI., 1980; Warbritton et aI., 1980) , indicating some impairment of cerebral function. CMR02 was found to be unchanged in rats up to 8 weeks after shunting (Gjedde et aI., 1978) , or de creased at 1 week (Ekl6f et aI., 1974) . Thus the available data would lead one to expect, if anything, decreases rather than increases in CMRglc.
If CMRglc really is increased, what is the cause? Because of the findings of unchanged or decreased CMR02, the excess glucose consumed is presum ably not used for energy metabolism. Cruz and Duffy suggest that increased CMRglc could arise from increased brain uptake of NH 4 + and conver sion to glutamine (detoxification), which occurs in astrocytes. This suggestion, however, does not withstand close scrutiny. Glutamine production 8 weeks after portacaval shunting is increased by �5 f1-mol min -I 100 g-I (Gjedde et aI., 1978) ; however, the increase in CMRglc described by Cruz and Duffy is �16 f1-mol min -I 100 g-I at 8 weeks. Clearly, such an increase cannot be completely ac counted for by increased glutamine synthesis. (Fur thermore, plasma NH 4 + concentration was found to be constant throughout the 12-week period after an initial rise, and did not parallel the changes in CMRglc.) Another possibility is that there is a dis turbance in the normal relationship between gly colysis and the Krebs cycle after portacaval shunting, but this seems unlikely. Normally these two are quite closely matched, as reflected by an almost negligible arteriovenous difference for lac tate in rats (Hawkins and Mans, 1983) . The per meability of the blood-brain barrier to lactate is normally very low and portacaval shunting further reduces, by about 80%, the activity of the mono carboxylic acid transport system which transports lactate (Sarna et aI., 1979) . If the rate of glycolysis were to increase and exceed the requirements of the Krebs cycle, lactate would accumulate within the brains of portacaval-shunted rats, but this does not happen; the brain lactate content is little changed by shunting . Thus the question of the fate of the excess glucose consumed remains unanswered. On the other hand, the validity of the observations of Cruz and Duffy should be considered.
The results of Cruz and Duffy (1983) differed markedly from those of Mans et ai. (1983) , who studied two groups of rats with portacaval shunts, one with N20 anesthesia and the other conscious and unstressed, using [2-14C]glucose. Mans and as sociates found that CMRglc was reduced by an av erage of 20% in almost all brain structures in both groups of shunted rats. Furthermore, this decrease was independent of time between 30 and 60 days after shunting. There is, therefore, a large discrep ancy between the studies of Cruz and Duffy and Mans et al. that must be reconciled. In a postscript to their article, Cruz and Duffy raise several tech nical queries regarding the use of [2-14C]glucose as an explanation of the difference. Their concerns, which are discussed below, cannot, however, re solve the issue. We point out that there is good reason to believe that the calculations of Cruz and Duffy contained a systematic error and that the re calculation of their data would at least partially re solve the differences between the two studies. Cruz and Duffy (1983) used deoxyglucose to es timate regional CMRglc. Deoxyglucose phosphate accumulation is an indirect measure of the activity of hexokinase, which is probably the flux-limiting (1982) . Glucose values are given as means, with numbers of rats in parentheses.
step of cerebral glucose utilization in brain. The fol lowing is a useful abbreviation (for the present dis cussion) of the formula used in the deoxyglucose method (Sokoloff, 1981) Table 1 . The points were fitted to a straight line: y = 6.7x + 98. (1982) showed that the lumped constant was sen sitive to the concentration of both plasma and brain glucose. In other words, it is constant only in spe cific circumstances. Others have found, and we have confirmed, that there is a modest decrease in plasma glucose following portacaval shunting. There is, however, a marked decrease in the brain glucose content. Cruz and Duffy did discuss whether the lumped constant might be different in shunted rats, but they limited their consideration only to plasma glucose. Yet, as has been clearly pointed out by Pardridge et ai. (1982) , this is but half of the necessary infor mation; both plasma and brain glucose must be con sidered.
Cruz and Duffy raised several issues about the calculation of regional CMRglc from [2_14C]glucose done by Mans et al. (1983) . Some of these questions arose because the details of the calculations used in the Mans study had not been published at the time that article went to press, but this information is now available (Lu et aI., 1983) . The method de scribed by Lu et ai. includes a more comprehensive mathematical treatment than earlier methods. It takes into account the exchange of glucose between plasma and brain as a function of CMRglc and the plasma and brain glucose concentrations. The loss of 14C as 14C02, although relatively small, is also calculated and the results corrected accord ingly.
The calculation of CMRglc using [2_14C]glucose requires knowledge of the brain-to-plasma glucose ratio. This is used to correct for the unmetabolized [2_14C]glucose as well as to calculate the specific activity of glucose available to hexokinase on a mo ment-to-moment basis. Cruz and Duffy expressed concern about the effect of shunting on this ratio, which they felt could have a significant effect on the results. Contrary to their assertion, the calcu lation of CMRglc is not especially sensitive to a small deviation in the brain-to-plasma ratio in our experiments. For example, if the ratio were changed by 25% there would be a change of only �5% in the average calculated CMRglc value. The general depression of regional CMRglc which we observed, however, was �20%, well beyond exper imental error from this source. The brain-to-plasma ratios used by Mans et al. (1983) were as follows: N 20-anesthetized control, 0.26; N 20-anesthetized shunt, 0.20; conscious unstressed control 0.22; and conscious unstressed shunt, 0.20 . These values were measured in separate groups of identically treated shunted and control rats by sampling brain with a freeze blower (Veech and Hawkins, 1974) .
The second issue raised by Cruz and Duffy con cerns the metabolite pools which trap 14C from [2_14C]glucose. To correct for loss of 14C02 from brain after administration of [2_14C]glucose, con stants were used that may be defined as the recip rocal of the effective pool size into which 14C could distribute in brain during the experiment. Our value of 13.3 j.Lmollg for this pool is lower than that pre viously used (25 j.Lmollg) because we now take into account the fact that there is a finite time lag before 14C is available for loss (Lu et aI., 1983) . Cruz and Duffy state, and we agree, that the brain glutamine pool is much larger in shunted rats. But glutamine is not a very effective trap at early times because it is synthesized only in the astrocytes. In other words, there is a further time lag before significant amounts of label reach the glutamine pool. The major pools which trap label in neurons are gluta mate, aspartate, Krebs cycle intermediates, and glycolytic intermediates. If the effective trapping pool were larger in shunted rats, as Cruz and Duffy suggest, a smaller correction for 14C02 loss should be applied in our calculation. This, however, would result in an even greater difference between control and shunted rats than we observed.
Since the publication of our original results de scribing reduced regional CMRglc in portacaval shunted rats, we have carried out additional exper iments in rats 7 weeks after portacaval shunting. These were done with [2_14C]glucose as described by Lu et al. (1983) and the experiments were com pleted in 5 min after injection of the radioisotope. During this period, loss of 14C as 14C02 is almost nil. These results also showed a reduction in CMRglc of 20-30%, thereby confirming our orig inal work.
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